Abstract: A novel system has been developed that can capture the widefield interference pattern generated by interfering two independent and incoherent laser sources. The interferograms are captured using a custom CMOS modulated light camera (MLC) which is capable of demodulating light in the megahertz region. Two stabilised HeNe lasers were constructed in order to keep the optical frequency difference (beat frequency) between the beams within the operational range of the camera. This system is based on previously reported work of an ultrastable heterodyne interferometer [Opt. Express 20, 17722 (2012)]. The system used an electronic feedback system to mix down the heterodyne signal captured at each pixel on the camera to cancel out the effects of time varying piston phase changes observed across the array. In this paper, a similar technique is used to track and negate the effects of beat frequency variations across the two laser pattern. This technique makes it possible to capture the full field interferogram caused by interfering two independent lasers even though the beat frequency is effectively random. As a demonstration of the system's widefield interferogram capture capability, an image of a phase shifting object is taken using a very simple two laser interferometer.
Introduction
In a conventional interferometer, light from one source is split and recombined to produce an interferogram. The interferogram can then be processed in order to derive the optical phase difference between the interfering light, and this can be used to determine the relative optical path length (OPL) at each point in the interferogram.
If the recombined light has the same optical frequency (homodyne interferometry), a static, time invariant intensity pattern is produced. In order to determine the optical phase, a method such as phase-stepping [1] or fringe analysis [2] is required.
In heterodyne interferometers, a frequency shift is introduced into at least one of the beams, producing a time varying intensity pattern that is temporally modulated at the difference frequency between the two beams [3, 4] . The optical phase can be extracted by electronically mixing down the detected signal using an external electronic reference signal (frequency equal to the optical difference frequency), allowing for direct determination of phase without further steps. This arrangement is usually only used in single point interferometers due to the practical challenges associated with capturing widefield time varying fringe patterns. However some systems have been developed to capture real time heterodyne interference patterns in the widefield region at modest modulation frequencies [5] [6] [7] [8] [9] . In a previous paper [9] , we demonstrated that this could be accomplished for the widefield in the megahertz frequency range using a prototype modulated light camera (MLC).
In conventional homodyne or heterodyne interferometers, the visibility of the fringe pattern is assured as long the OPL difference between the arms is less than the coherence length of the source. The frequency stability of the single light source is not much of issue; if the optical frequency changes at the source, the frequency difference at the point of interference does not.
When light from two different sources are interfered, a heterodyne interference pattern is produced. However, this pattern has a modulation frequency that is unknown and randomly varying; due to this changing frequency, it is challenge to capture a stable interferogram. As the time average fringe visibility will equal zero, the light from the two sources can be considered mutually incoherent. There has been much discussion in the production and capture of the interference pattern generated from using two separate light sources [10] [11] [12] , with a comprehensive analysis of the phenomenon explored by Paul [13] .
Experiments conducted by Magyar and Mandel [14] proved that interference fringe patterns could be generated using two separate optical sources. Over a short enough observation time (noted as less than the coherence time of the source), fringe patterns could be viewed as being static and therefore imagable. Later experiments conducted improved upon the fringe pattern visibility [15] . By stabilising the centre frequency of the light sources, the duration of a visible pattern could be extended [16] . A method incorporating the measurement of the instantaneous beat frequency and a phase lock-loop (PLL) to control the optical frequency through feedback, can also be implemented for long term visible (e.g. at DC) fringe pattern generation [17] . However, these techniques require feedback from the point of interference to the lasers, potentially limiting the range of applications.
In this paper, we extend the work previously presented on a widefield ultrastable heterodyne interferometer system [18] , which used a prototype MLC to capture stable interferograms using signal feedback. In this system, the arrangement is modified to continuously capture a stable interference pattern generated by two independent sources. The system uses two independently frequency stabilised HeNe lasers. Ordinarily, the frequency of each emitted mode varies over time (i.e. due to heat fluctuations). To limit this frequency change, a simple frequency stabilisation mechanism, designed to hold the optical frequency stable [19] (typical frequency variation of ∼2 MHz over 10 minutes), is implemented in each laser. The optical signal measured at one pixel of the MLC, made available at the chip output, is used to demodulate the signals at all the other pixels. Consequently, the system is able to capture an interferogram so long as the sources are spatially coherent and the typical variation of the frequency difference between the lasers does not exceed the detection bandwidth of the MLC.
Instrumentation
The interferometer system uses a custom 32×32 CMOS camera (MLC) that employs quadrature demodulation to extract phase information from a captured heterodyne interferogram. Each pixel contains a photodiode, transimpedance and operational amplifiers, two Gilbert cell mixers, low pass filters and column/row read electronics. A simple pixel schematic is shown in Fig.  1 . The size of the array was limited by the modest fabrication budget and but could be much larger for a commercial device. The modulated optical signal is amplified, mixed (with reference signals) and output (when the pixel is selected) continuously. Two laser interferograms appear stable as long as the beat frequency is within the system operational bandwidth, which is dependent on the amplitude/phase/frequency response of the individual components in each pixel. Further details on the MLC is available in a previous publication [9] .
Special pixels in the MLC (RFout pixel) are capable of outputting the raw detected (modulated) signal of the incident light. By using the measured signal at one of these pixels as the reference signal for demodulation, a relative fringe pattern image can be generated across the camera, even in the presence of large piston phase change [18] . Consequently, the camera tracks changes in temporally varying phase seen across the entire camera array and cancels out this effect in the output interferogram image. By adapting this system, we have been able to demonstrate a continuous widefield two laser interferometer.
The optical arrangement, shown in Fig. 2 , simply combines the light from the two independent sources. In the arrangement, a beamsplitter and collimating lenses are used to produce a compact system, and polarisers are used to adjust for any differences in polarisation between the two lasers. The two laser interferometer system. Each laser is completely independent with separate power supply units and heated using individual tube coiling, and are aligned separately. Polarisers are used to adjust the polarisation plane, improving fringe visibility. The monitoring photodiode is used to keep track of the beat frequency. The MLC uses the signal generated by one pixel to mix with the detected signal at all other pixels, tracking any changes in frequency and phase relative to that single pixel. Filters and amplifiers are used to clean up the signal before it is used as the reference signal.
Operational principle
With a fringe pattern incident on the MLC array, the electronic signal takes two paths in this setup;
Phase information output: The light detected by the photodiode generates a photocurrent, which is converted to a voltage and amplified by the transimpedance amplifier, V pixel ; this signal follows the instantaneous intensity at the pixel. V pixel is then mixed with reference signals in the two mixers and filtered, before being read-out. All the pixels operate in parallel, with the nominal bandwidth of the camera equal to ∼15 MHz, but this can be extended.
Reference signal: Special pixels in the camera have additional electronics to allow V pixel to be directly output. This signal is filtered and amplified (V rfout ), and phase split to give the reference signals.
Each of the signals across the array and the single point feedback signal have a DC voltage offset, V dc x,y , V dc 0 , and a time varying component with a peak amplitude, V mod x,y , V mod 0 ;
The beat frequency of the detected pattern, ω x,y,t , is unknown and varying. Given that interfering beams are sufficiently spatially coherent, the same beat frequency is detected on all pixels; this includes the signal detected at the feedback pixel. As the feedback signal propagates through the amplifiers/filters/connection leads, a delay is introduced into the signal. However, in this setup the delay is negligible, such that ω 0,t−τ = ω x,y,t .
The feedback signal is phase split, which produces an in-phase signal, V rfout 0 • , and a 90 • out-of-phase signal, V rfout 90 • . Each reference signal is fed to one of the two in-pixel mixers (i.e. as local oscillators). Phase information of the incident modulated light is output continuously through mixing them with the measured signal (V pixel ), which produces an in-phase, V i , and quadrature phase, V q , outputs. Each input has its DC component stripped before mixing, and the output is low pass filtered (<2 kHz) in-pixel.
The product of the mixers using the reference signal is independent of the randomly varying modulation frequency as the frequency components are cancelled out. The phase component is mixed down to DC which contains the interferogram information. A phase image can be constructed using Eqn. 3;
The output contains the phase offset measured at the RFout pixel (φ 0 ), however this can be removed as needed. As long as the optical frequency difference between the lasers are within the operational frequency range of the MLC, two laser interferograms can be captured continuously.
Independently stabilised lasers
The large amount of bandwidth flexibility that the MLC provides allows for the two lasers used for interfering to be stabilised independently.
The HeNe lasers used were constructed in-lab using cheap readily available parts. They are based on an updated design of one presented by Bennett et al. [19] . Figure 3 shows a diagram of the feedback stabilisation system used in each laser.
The system involves using a HeNe laser tube with a cavity length chosen so that only two longitudinal modes are emitted (i.e. two modes within the gain bandwidth curve). A property of these HeNe lasers is that each set of two emitted longitudinal modes are linearly polarised and perpendicular to each other [20] . Both modes are emitted through the main exit (front of the tube), but also through the waste exit (rear of the tube) where they are separated using a polarising beamsplitter. As the optical frequency of each mode fluctuates (e.g. due to temperature), their intensities change according to the gain bandwidth curve; the power outputs of each mode are measured and compared using photodiodes and a comparator circuit. The output of As the tubes expand and contract (e.g. due to temperature), the optical frequency and intensity of these modes shift. The intensities are detected at the waste exit and compared; the current into the tube coiling is adjusted, which generates heat and changes the tube length. This feedback system is used to maintain a constant frequency for each mode.
the circuit is fed back into a current controlled heater coil around the laser tube; the length of the tube is maintained to produce a stabilised optical frequency. The lasers constructed have a laser gain bandwidth of ∼650 MHz and the power varies between 0.4 mW and 1.2 mW (especially during initial warm up). Measuring the beat frequency gives a good indication of the stability of the lasers with respect to each other. After the initial warm up, the maximum beat frequency stability was measured to be ∼2 MHz over 10 minutes and ∼5 MHz over 30 minutes. In this experiment the lasers were situated on the same optical bench, but as they are independent (with no feedback between them), they can be separated by a significant distance.
Results
The two laser interferometer (schematic shown in Fig. 2 ) was constructed to capture test fringe patterns and to perform a simple phase characterisation experiment. A photograph of the interferometer setup is shown in Fig. 4 . Fig. 4 : A photograph of the two laser interferometer system showing that each laser source is independent and the simplicity of the system. Similar to the previous implementations of this system, the MLC is controlled using a 16-bit ADC card under PC control. With this arrangement, the maximum frame read rate is ∼40 fps.
The MLC has been shown to have a phase measurement accuracy of ±6.6 • [9, 18] .
Before conducting the experiments, the lasers were allowed to stabilise. The stabilisation system allows for manual frequency tuning, and an offset voltage is applied to the comparator circuit to ensure that the beat frequency is set to a point within the MLC operation bandwidth. However, as the lasers are not locked together, the beat frequency drifts over time. The interferometer was adjusted to produce a horizontal fringe pattern on the MLC.
A set of phase images, shown in Figs. 5(a)-5(c), were captured with an interval of 60 seconds. The corresponding FFT plot of the beat signal measured on the monitoring photodiode (Fig.  2) at each interval is shown in Figs. 5(d)-5(f) . Over the three minutes, the beat frequency fluctuates with a overall decrease in frequency, however, the same relative fringe pattern was captured over this time. To show the system's ability to measure phase change due to a change in OPL, a microscope slide was placed part way through one beam path (shown as the sample in Fig. 2 ). In figure 6(a) , the captured image is shown, with an unwrapped version of the image shown in Fig. 6(b) and a difference image (with a slide-less control image) shown in Fig. 6(c) . The normalised image in Fig. 6(c) shows the phase shift induced by the microscope slide across a widefield area in real time on the right section of the image, while the left section remains constant (where no slide is present). The interferogram is completely stable even as the instantaneous beat frequency varies, so long as the beat frequency stays within the bandwidth of the MLC. The 'fringe visibility' decreases outside of this bandwidth due to the MLC's reduced gain. The position of the fringes also changes as the (normally flat) phase response of the electronics changes.
An interesting point to note is that the relative pattern is only maintained so long as the absolute frequencies of the lasers do not cross over. If they do, the sign of beat frequency becomes inverted, which results in the sign of the phase being inverted (but otherwise the interferogram is unchanged). Practically, this is avoided by setting the lasers up with a difference frequency in the middle of the MLC's bandwidth.
Discussion and conclusion
A heterodyne widefield interferometer has been presented that captures interferograms produced by two independent and incoherent light sources. The system produce images in realtime. The light sources used are frequency stabilised HeNe lasers using a simple intensity-toheater feedback circuit; the stabilisation technique has no dependence on the other laser. The widefield detector used to capture the heterodyne fringe patterns is a prototype custom CMOS modulated light camera, which was used and analysed in previous work [9, 18] . The MLC uses quadrature demodulation, mixing the detected signal (on every pixel) with a reference signal. In this implementation, the reference was derived from the detected signal on one of the pixels at the centre of the array, effectively cancelling out the effect of the varying unknown beat frequency from the output image. Another way to look at this is that this arrangement produces a reference signal that tracks the instantaneous difference frequency so that the mixers always mix down the instant interferogram to DC which is then output by the MLC. From a practical point of view, this two laser interferometer system has some advantages over the conventional split source interferometer. As a minimum, a two laser interferometer requires only the light sources and a detector in order to make OPL measurements. This could lead to cheaper systems (assuming mass production of the prototype MLC) as well as, simpler arrangements (reducing alignment issues).
It can be assumed that the instantaneous beat frequency will be shifting between individual pixel reads, or even as a single pixel is being read. This system is able to output stable widefield images under these conditions. This leads to a relaxation of the temporal coherence limitation present in conventional interferometers and instead have the condition that the instantaneous beat frequency between the lasers remain within the operation bandwidth of the MLC (and feedback filters).
